We documented the hemodynamic conse quences of nonocclusive common carotid artery throm bosis (CCAT) and tested the hypothesis that vasoactive substances capable of altering local CBF (LCBF) are re leased into the systemic circulation following cerebrovas cular injury. Ten minutes after photochemically induced CCAT, an autoradiographic determination of LCBF was conducted with [14C]iodoantipyrine. In blood transfusion studies using donor and recipient rats, a I-ml sample of thrombogenically activated blood (TAB) collected down stream from the forming thrombus was reinjected into a recipient rat 15 or 60 min before CBF study. A heteroge neous pattern of abnormal LCBF was documented in the ipsilateral hemisphere of CCAT rats and recipient rats receiving TAB 15 min before CBF study. Acute hemody namic abnormalities included ischemic «35% of control) and hyperemic (> 125% of control) foci and more global
The pathogenesis of transient ischemic attacks (TIAs) and acute ischemic stroke remains incom pletely understood. Possible mechanisms underly ing these conditions include microembolism, hemo dynamic disturbances, and platelet hyperaggrega bility (Powers and Raichle, 1985; Toole, 1990) . To examine cerebral ischemic mechanisms, alterations in local CBF (LCBF) following periods of cerebral reductions (50-80% of control) in cortical and subcortical LCBF. Border zone hyperemia exceeding 2.0 mllglmin was associated with focal sites of severe LCBF reduc tions. Although recipient rats that received TAB 15 min before CBF study displayed similar hemodynamic abnor malities, LCBF values in 60-min recipient rats were not significantly different from control despite ischemic foci. Humoral factors generated during CCAT appear to be responsible for the acute LCBF consequences of cerebro vascular thrombosis. Vasoactive substances released from a thrombotic site, capable of regionally affecting vascular reactivity in a time-dependent fashion, might be expected to participate in the pathogenesis of transient ischemic attacks and acute stroke. Key Words: Cerebral blood tlow-Platelets-Stroke-Thrombosis-Transient ischemic attacks.
ischemia have been documented in various animal models. Thus, transient periods of global and focal cerebral ischemia produce consistent patterns of hemodynamic abnormalities within the postisch ernie brain, the characteristics of which are depen dent on ischemic duration and severity (Hossmann et al., 1973; Ginsberg et al., 1978; Tamura et al., 1981; Pulsinelli et a1. , 1982; Traupe et al. , 1982; Kagstrom et al. , 1983a,b; Tyson et al. , 1984; Shi geno et al., 1985; Todd et al., 1986; Dietrich et al., 1987; Nakayama et al., 1988) . Hemodynamic abnor malities including hyperemia and depressed LCBF have also been detected in brain regions remote from an ischemic focus (Kempinsky et al., 1961; H�edt-Rasmussen and Skinh�j, 1964; Slater et al., 1977; Martin and Raichle, 1983; Dietrich et a1., 1986) . The observation that hemodynamic distur bances can occur remote from an injury focus indi-cates that mechanisms other than parenchymal ischemic injury may potentially affect LCBF.
In contrast to cerebral ischemia, few studies have investigated what hemodynamic abnormalities are associated with animal models of cerebrovascular thrombosis. For this aim, laboratory models of ce rebrovascular thrombosis have been developed re cently using photochemical techniques (Watson et aI., 1985 (Watson et aI., , 1987 Dietrich et aI., 1986 Dietrich et aI., , 1988a Futrell et aI., 1988) . For example, with the focused beam of an argon laser as the light source, throm bosis of the middle cerebral artery (MCA) and com mon carotid artery (CCA) can be induced in rats given the photochemically active dye rose bengal (Watson et aI., 1987; Dietrich et aI., 1988a,b) . With this methodology, evidence for the formation of blood-borne substances capable of increasing vas cular permeability in remote brain regions has been presented following CCA (CCAT) and MCA throm bosis (Dietrich et aI., 1988a,b) . The finding of in creased vascular permeability following cerebro vascular thrombosis is important since this acute microvascular event might allow humoral sub stances released during thrombus formation to gain access to extravascular sites and potentially alter microvascular tone, neuronal function and struc ture.
The purpose of this study was first to document the acute LCBF changes that accompany active or acute thrombosis of the CCA. Additional studies were conducted to determine whether stimuli capa ble of altering LCBF are present in whole blood sampled downstream from thrombus formation. Thus, blood transfusion studies were conducted be tween donor rats undergoing CCA T and recipient rats. Some of the results have been presented 10 abstract form (Dietrich et aI., 1989b) .
MATERIALS AND METHODS

CCAT
Experiments were performed on heparinized male Wistar rats weighing between 225 and 300 g. In rats des tined to undergo CCAT (n = 7), anesthesia was induced with 3% halothane for 3-5 min. Rats were intubated and maintained on 1.5% halothane and a mixture of 70% ni trous oxide and 30% oxygen. Femoral arterial and venous catheters were inserted for the measurement of arterial blood pressure and blood gases and for isotope adminis tration. Rats were then placed on their backs and the right CCA was exposed under a Zeiss operating microscope. The neck region containing the exposed CCA formed a cavity that was filled with saline. The beam of a tunable argon laser (Lexel model 95-4; Cooper Lasersonics) op erated at 514.5 nm was focused on the right CCA accord ing to the efficency criterion described previously (Wat son et al., 1987) . The photosensitizing dye rose bengal (30 mg/ml in 0.9% saline) was injected at a body dose of 40 mg/kg over 1 min simultaneously with the start of the irradiation period. The irradiating beam was interrupted by a mechanical beam chopper operated at 200 Hz and a duty cycle of 20%. The CCA was irradiated for 4 min at a peak power of 1.5 W (average power 0.3 W), correspond ing to a peak intensity of -160 W/cm2 (average intensity 30 W/cm2). Under these conditions, thrombotic material, consisting almost entirely of aggregated platelets, accu mulated on the luminal surface but not to the point of occlusion. Blood pressure and arterial blood gases were monitored throughout the procedure.
Blood transfusion experiments between donor and recipient rats
Recipient rats (n = 16) destined to receive blood from donor rats were anesthetized with 3% halothane and par alyzed with 5 mgikg d-tubocurarine chloride. Recipient rats underwent tracheal intubation and were mechani cally ventilated and maintained on 70% nitrous oxide and 30% oxygen. The right external carotid artery (ECA) was isolated and cannulated. For the transfusion experiments, a second series of rats (donor group) in which LCBF was not measured were prepared for CCAT and blood sam pling (n = l3). In addition to the surgical steps described previously, donor rats also underwent right ECA cannu lation. During the period of CCA irradiation, 1-3 ml of thrombogenic ally activated blood (TAB) was removed from the right ECA and collected in a heparinized sy ringe. Two minutes later, a I-ml blood sample was in fused slowly into the ECA of a recipient rat while a sim ilar volume of blood was removed from the femoral ar tery. In three experiments, a 3-ml sample of TAB was divided into two I-ml samples, each of which was injected into separate recipient rats whose CBF was determined at either 15 or 60 min.
Control studies
To determine whether the intracarotid infusion of con trol blood would produce any hemodynamic conse quences, control studies were undertaken. Donor (n = 7) and recipient (n = 7) rats underwent all of the surgical steps previously described in the experimental series. Do nor rats were infused with rose bengal but were not irra diated, and a 1-ml blood sample was removed via the ECA catheter. The control blood sample was immedi ately infused into a recipient rat over a 2-min period as previously described. The autoradiographic determina tion of LCBF within recipient rats was conducted 15 min (n = 4) or 60 min (n = 3) later.
Autoradiographic CBF studies
In rats undergoing CCAT, LCBF was determined using [14Cliodoantipyrine auto radiographic procedures (Sakurada et al., 1978) at 10 min following the end of the irradiation procedure. In recipient rats receiving TAB or control blood, CBF studies were carried out at either 15 or 60 min following the blood infusion. Twenty microcu ries of the radioactive tracer [14C]iodoantiyprine (specific activity 40 mCi/mmol; New England Nuclear) dissolved in 1 ml of isotonic saline was infused intravenously at a constant rate over 45 s via a Harvard infusion pump. Arterial blood was sampled at -2-s intervals from the tip of a freely flowing femoral artery catheter. Studies were terminated by decapitation and brains were frozen and sectioned as previously described (Dietrich et al., 1986 (Dietrich et al., , 1989a . Densitometry of ipsilateral and contralateral hemispheres was performed by means of an automated digitizing densitometer (Optronics) interfaced to a Mi croVax minicomputer and image processor (Grinnell Sys tems). In addition to routine region-of-interest analysis, the frequency and location of focal regions of severe hy poperfusion «35% of control) and hyperemia (> 125% of control) were also recorded. Adjacent frozen sections not used for autoradiographic procedures were stained with hematoxylin and eosin for light microscopic analysis. Physiological and autoradiographic data were analyzed by analysis of variance and statistical significance was assessed by Scheffe's S test and Dunn's multiple comparison procedure.
RESULTS
Physiological and control findings
Physiological values recorded just before the au toradiographic study were within normal ranges and did not vary significantly between sham-operated controls and rats undergoing CCAT or receiving TAB (Table I) . Continuous blood pressure monitor ing during the irradiation period and up to the time of the auto radiographic study revealed values within normal ranges. Control recipient rats that re ceived an intracarotid infusion of normal blood demonstrated symmetrical LCBF patterns and LCBF values that were within normal ranges ( Table  2) . Values of LCBF in I5-min recipient rats were not significantly different from those obtained from the 60-min recipient group and therefore were com bined as control values. It should be noted that in one I5-min control recipient rat, a small focus of severe LCBF reduction was observed in the right somatosensory cortex. This abnormality was likely due to an embolus produced during the sham oper ation procedure and was not seen in the other con trols.
Rats undergoing CCAT
Asymmetrical flow patterns were observed in all rats that underwent CCAT. Focal regions of severe perfusion deficits «35% of control) were detected within several ipsilateral brain structures including the cerebral cortex, striatum, hippocampus, and thalamus ( Figs. 1 and 2) . The overall frequency of individual perfusion deficits was 11 ± 3 (mean ± SD) among this experimental group (range 3-19 per rat). Another common abnormality was focal hy peremia, ranging from mild to severe (Figs. 1 and 2). Areas of hyperemia occasionally bordered sites of severe perfusion deficits. Areas of increased cor tical and subcortical LCBF were present in five of seven rats. A third type of hemodynamic abnormal ity was widespread (global) moderate LCBF reduc tions. Moderate flow reductions ranging from 50 to 80% of control were most pronounced in cortical and striatal regions ( Fig. 1 ; Table 2 ). In three of seven rats, moderate reductions in LCBF were also detected in the ipsilateral thalamus. Hippocampal flow changes were seen in four of seven rats. Ab normal LCBF values were not detected in the brain stem or cerebellum (Table 2) .
Contralateral hemispheres demonstrated less se vere hemodynamic changes. However, compared with sham-operated controls, LCBF values were mildly elevated throughout the cerebral cortex (Ta ble 2). In one rat, a focus of moderate flow reduc tion was also detected in the contralateral frontal cortex (Fig. Ia) .
Recipient rats
Asymmetrical flow reductions, similar to those oberved in thrombosed rats, were seen in seven of eight rats that were infused with TAB 15 min before the autoradiographic study (Table 2 ; Fig. 2c ). Sig nificant flow reductions were present in cortical ar eas including the frontal, somatosensory, motor, auditory, and visual cortices. Significant reductions in LCBF were also seen in the ipsilateral rostral thalamus, whereas patterns of decreased LCBF were less consistent in the ipsilateral striatum and hippocampus. In recipient rats given TAB, areas of focal perfusion deficits were detected in five of eight rats. The frequency of severe hemodynamic foci was 10 ± 3 (mean ± SD) with a range of 0-35. Focal areas of hyperemia were present in three of eight rats. Mild hyperemia was also detected in the Readings were taken immediately prior to autoradiographic study and represent means ± SD. Control recipient rats received 1 ml of normal blood obtained from a sham-operated rat. Thrombosed rats underwent photochemically induced common carotid artery throm bosis. Experimental recipient rats received 1 ml of thrombogenically activated blood. In all experimental rats, the right hemisphere was the thrombosed side. Local CBF values are means ± SD, expressed in mllg/min. Significantly different from sham-operated controls: ap < 0.01, b p < 0.05.
Significantly different from contralateral structure: 'p < 0.05.
contralateral frontal, visual, and auditory cortices compared with control (Table 2) . In contrast to the widespread LCBF abnormali ties detected in the IS-min recipient rats, normal cortical LCBF values were documented in rats that received TAB 60 min before the CBF study (Table  2) . Compared with either sham-operated controls or contralateral hemispheric LCBF values, significant flow differences were restricted to the ipsilateral straitum and rostral thalamus ( Fig. Id and e ). How ever, despite generally normal LCBF data, regions of severe perfusion deficits were detected in three of eight rats (Figs. Ie and 2c ). In this recipient group, the number of these ischemic foci was 3 ± 2 (mean ± SD). In two rats, the ipsilateral thalamus was hypoperfused (Fig. It) , while the somatosenso ry cortex showed perfusion abnormalities in two rats. It is noteworthy that in three experiments J Cereb Blood Flow Metab, Vol. 11, No. 6, 1991 where a 3-ml TAB s<,!mple was divided and injected into two different recipient rats, abnormal flow pat terns were detected at 15 but not 60 min. Thus, it appears that although the 60-min rats received the appropriate stimulus, the majority of the LCBF ab normalities had normalized by 60 min postinjection of TAB.
Light microscopic analysis of stained frozen sec tions from rats that had undergone CCA T or re ceived TAB failed to demonstrate histopathological correlates of the various hemodynamic abnormali ties (Fig. 2d-t) . Thus, areas of parenchymal pallor, dark shrunken neurons, or other indicators of early structural damage were not observed.
DISCUSSION
These results indicate that both CCAT and whole blood sampled downstream from a developing thrombus lead to acute hemodynamic abnormalities ranging from severe perfusion deficits to moderate hyperemia. It is important to stress that stenosis and not occlusion of the CCA was investigated in this study. During the irradiation period, a contin uous flow of blood through the irradiated segment was seen. In addition, blood pressure recordings during and following the thrombotic procedure re mained within normal limits. In the clinical setting, J Cereb Blood Flow Metab, Vol. 11, No.6, 1991 systemic hypotension, particularly when coupled with a local decrease in cerebral perfusion due to stenosis or occlusion of a large cerebral artery, may be a potential cause of TIAs (Powers and Raichle, 1985; Toole, 1990) . With regard to the present ex perimental findings, widespread and sometimes persistent cerebral hypoperfusion has been de tected in TIA and acute stroke patients (Hyjedt Rasmussen and Skinhyjj, 1967; Skinhyjj et aI., 1970; Slater et aI., 1977; Hartman, 1985; Powers and Raichle, 1985; Baron et aI., 1989; Bogousslavsky et aI., 1990) . The present LCBF findings following CCA T indicate that hemodynamic abnormalities similar to those observed in stroke patients can be produced in young healthy rats without systemic hypotension or the mechanical occlusion of a cere bral vessel.
Multiple ischemic foci restricted primarily to the MCA territory were detected in both thrombosed rats and rats that received TAB. These ischemic foci may result from microvascular occlusion by platelet aggregates produced at the site of CCA T. In this regard, luminal platelets have been detected in pial and parenchymal vessels immediately following MCA and CCA thrombosis (Dietrich et aI., 1988a,b; Futrell et aI., 1988) . Clinical observations indicate that platelet embolization from lesions at the carotid bifuration is a common cause of TIAs and acute stroke (Toole, 1990) . In some TIA patients, micro emboli lodging temporarily in parenchymal vessels may produce severe focal ischemia and transient neurological dysfunction. Focal parenchymal le sions have also been identified in TIA patients using magnetic resonance imaging (Awad et aI., 1986) . In this study, evidence of acute tissue necrosis at sites of severe perfusion deficits or hyperemia was not obtained by light microscopic examination of frozen sections. This finding does not necessarily indicate that early structural abnormalities would not be de tected using more sensitive morphological proce dures. Indeed, ultrastructural studies have docu mented acute parenchymal damage at sites of focal blood-brain barrier (BBB) breakdown following CCAT (W. D. Dietrich, unpublished findings). Thus, although embolic mechanisms may lead to focal necrosis (Futrell et aI., 1988) , the present re sults are more consistent with the hypothesis that mechanisms other than transient microembolization are involved in the widespead and transient hemo dynamic consequences of CCAT.
In addition to severe ischemic foci, more global reductions in LCBF were also detected in CCAT rats and rats given TAB 15 min previously. Similar widespread reductions in LCBF have been docu mented in remote brain regions following photo chemically induced cortical infarction (Dietrich et aI., 1986) . In that study, moderately depressed LCBF levels were detected in remote cortical and subcortical areas at 30 min, 4 h, and 5 days follow ing infarct formation. In the present study, LCBF values in recipient rats were not significantly differ ent from control values 60 min after the infusion of TAB. Thus, following a single injection of TAB, the major hemodynamic abnormalities associated with this vascular insult have normalized in a relatively short period of time. In this regard, it is noteworthy that almost half of TIAs persist <5 min, with an other quarter subsiding within 1 h (Toole, 1990) . The acute and transient nature of the present hemo dynamic abnormalities after CCAT underscores the necessity for early patient study following acute neurological attacks.
Although remote hemodynamic disturbances fol lowing focal injury have been suggested to result from the interruption of neuronal circuitry (diaschi sis), evidence for an important role of vasoactive substances has also been obtained (Waltz and Sundt, 1967; Welch et aI., 1973; Slater et aI., 1977; Dietrich et aI., 1986 Dietrich et aI., , 1989a . In a model of MCA occlusion, vasoconstriction of pial arteries was sug gested to result from vasoactive substances re leased from the underlying ischemic tissue (Waltz and Sundt, 1967) . In more recent studies, the sero tonin antagonist ketanserin has been shown to in hibit the remote hemodynamic depression seen fol lowing thrombotic infarction (Dietrich et al., 1989a) . In that study, a hypothesis was presented that serotonin released at the thrombotic site gained access to extravascular pools through a damaged BBB and led to widespread vasoconstriction, pos sibly through a 5-HT2-receptor-mediated process. Various vasoactive substances are released from aggregating platelets or leukocytes or from the blood coagulation system during thrombus forma tion (Holm sen et aI., 1973; Ellis et aI., 1976; Meyers et aI., 1982; Haver and Namm, 1983; Feuerstein, 1984) . Because CCAT also leads to acute BBB breakdown (Dietrich et aI., 1988a,b) , blood-borne substances including platelet-derived serotonin could potentially gain access to extravascular pools, causing vascular and neuronal complica tions. The reversibility of. the hemodynamic abnor malities following the intracarotid injection of TAB may be a consequence of the life span of vasoactive blood products or the reversibilty of the BBB con sequences.
In thrombosed rats, hyperemic foci were de tected throughout the thrombosed hemisphere. At these sites, LCBF was either increased above con trol or elevated as compared with to the surround ing tissue (relative hyperemia). Hyperemia or "lux ury perfusion" has been observed under various experimental and clinical conditions (Lassen, 1966; Cronqvist and Laroche, 1967; H\2ledt-Rasmussen et aI., 1967; Sundt and Waltz, 197 1; Schuier et aI., 1978; Olsen et aI., 198 1; Kagstrom et al., 1983a,b; Dietrich et al., 1986 Dietrich et al., , 1987 . Three different types of hyperemia have been described, including border zone, postischemic, and remote hyperemia (Olsen et al., 1981) . In the present study, ischemic foci may have released vasodilative substances into sur rounding brain regions causing border zone hyper emia. Potential substances that might be considered in this pathomechanism include adenosine, hista mine, bradykinin, K + , H+, Co2, and oxygen radi cals (Winn et aI. , 1981; Wahl et aI. , 1988; Kontos, 1989) . Hyperemia may also occur following the spontaneous recanalization of occluded arteries or after thrombolysis. Since the CCA thrombus pro duced by rose bengal photochemistry appears to be non-fibrin stabilized (Dietrich et aI. , 1988a) , spon taneous recanalization of embolized microvessels may be occurring in our study. Hyperemia remote from an infarcted area, including the contralateral hemisphere, has also been described (Cronqvist and Laroche, 1967; Heiss et aI., 1976; Hji)edt Rasmussen et al. , 1967; Olsen et al., 1981; Dietrich et aI., 1986) . In our study, CCA T or the infusion of TAB with subsequent vasoconstriction of the distal extra-and intracranial vasculature may have led to a temporary increase of blood flow to the contralat eral hemisphere via the communicating arteries of the circle of Willis.
In summary, acute CCA T leads to widespread alterations in LCBF that are mediated by humoral substances including blood elements and vasoactive substances. Since these hemodynamic changes were abrupt and transient, their significance in the pathophysiology of transient neurological syn dromes merits consideration. In TIA and acute stroke, mild to moderate vasoconstriction of remote microvascular beds by vasoactive substances re leased from a thrombotic site would most likely de crease the potential for collateral circulation in con ditions of cerebrovascular occlusion or decreased systemic blood pressure. This hemodynamic condi tion, which may be insensitive to nonspecific va so dilating agents, would aggravate regional isch emic severity and increase the potential for stroke. A persistent condition of decreased hemodynamic reserve in noninjured brain regions after cerebro vascular thrombosis or infarction may help explain the increased incidence of strokes in TIA patients as compared with age-matched controls (Toole, 1990) . Thus, pharmacological strategies aimed at this particular pathomechanism combined with thrombolytic agents may prove beneficial in stroke prevention and therapy.
